Abstract
Introduction

54
Understanding the genetic basis of traits that contribute to fitness differences among suggest that variation in condition-dependent, sexually-selected traits is likely to be 68 highly polygenic, because of the large number of genes that could affect condition 69 (Rowe & Houle 1996) . Empirical data suggest that many sexually selected traits are 70 indeed polygenic, but the distribution of effect sizes among contributing loci is not 
118
Conducting GWA analyses on whole genome resequencing data by no means 119 ensures that segregating large effect QTL will be detected (King & Nicolae 2014 with higher quality territories tend to have higher reproductive success (Pärt 1994) .
135
Males have a sexually-selected white forehead patch which is used as an honest signal 136 of quality in male-male competition for territories (Qvarnström 1997 analysis of forehead patch size based on whole genome resequencing of 81 male 144 collared flycatchers sampled from the extreme ends of the phenotypic distribution.
145
We also tested whether we could detect loci associated with forehead patch size using 146 genotypes of 415 males from a custom 50K SNP chip for the collared flycatcher.
147
To our knowledge, this is the first study to use whole genome resequencing in 148 conjunction with extreme phenotype sampling to study the genetic basis of 149 phenotypic variation in a natural population. Having found no genome-wide 150 statistically significantly associated SNPs, we used coalescent simulated genomic data 151 to evaluate the power to detect loci with large phenotypic effects in this study. We 
Materials and Methods
162
Sampled individuals and forehead patch size measurements 163 Individuals included in this study were part of a long term study (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) genotyped with a custom-made Illumina 50K SNP chip (Kawakami et al. 2014a Qvarnström 1997), and age was thus included as a fixed effect in our GWA analyses.
232
Year of sampling was also included as a fixed effect to account for the effects of 233 temporal environmental fluctuations on patch size ( Figure S2 ).
234
Simultaneously including SNPs with large phenotypic effects in the fixed analysis. The analysis did not substantively affect the results (data not shown).
242
The P-values reported from GWA analyses are from Wald tests and are where V a is the additive genetic variance, V pe is the permanent among-individual 250 variance due to environmental differences, and V e is residual error variance. 
272
Many of the 50K SNP chip loci were in substantial LD in our study population size by 3 times compared to our empirical study.
398
The pattern of LD in collared flycatchers (Figure 1) in these scenarios ( Figure S3 ). We held all other simulation parameters the same as 415 before. We ran the GWA and power analyses on the simulated populations with lower 416 recombination or smaller N e as described above.
418
Results
419
Whole genome resequencing 420 81 male collared flycatchers were resequenced to a mean genome-wide coverage of 421 18.4 X (range 9.6 -27.0 X) and mapped to a repeat-masked version of the 1. Table 1 .
461
Power analyses 462 Our simulations suggested that the power to detect QTL with large effects was The relationship between GWA analysis P-values and physical distance from 474 the simulated QTL with effect size of V qtl /V p = 0.05 is shown in Figure 4a . The number of loci used in the SNP chip scenario had a strong effect on statistical 489 power. However, using hundreds of thousands or millions of SNPs did not ensure that SNPs were used and the sample sizes were tripled to N=1,245 (Figure 3b ). However, 501 power was quite low (<0.4) for all QTL effect sizes when 100 K or fewer SNPs were 502 used and the sample sizes were tripled.
503
Next we evaluated the effects on power of increased LD due to lower 504 recombination rate (1.03 cM/Mb instead of 3.1 cM/Mb) in the simulated populations.
505
The recombination rate did not strongly affect the power to detect QTL with whole given number of SNPs used for GWA analysis (Figure 3c ). Our results suggest that patch size had moderately high heritability. We found higher because strong LD extended less than 10-20 kb in our study population (Figure 1 ).
573
Our power analyses suggest that the power to detect large effect QTL was low in all 574 cases, even when the causal loci were directly screened for genotype-phenotype 575 associations (Figures 3a and 4a) . Thus, the power analyses suggest that our empirical 576 data were not sufficient to confidently determine whether SNPs with large effects on 577 patch sized segregated in the study population.
578
The power analysis results presented here should be useful to future attempts where genotype-phenotype correlations may be due to causal variants located far 597 away from genotyped loci (Figure 4b ).
598
Our results suggest that it will often be necessary to have many SNPs very 599 closely linked to a QTL with large effects to reliably detect its phenotypic effects
600
( Figures 3 and 4) , particularly in populations where strong LD extends over only short 601 distances. We suggest that extremely high marker density (approaching whole 602 genome sequence) and very large samples will often be necessary to reliably detect
603
QTLs in populations with weak LD (e.g., due to high recombination rates or large N e ).
604
However, investing in whole genome resequencing will result in smaller increases in 605 power to detect QTL compared to very high density SNP genotyping approaches in 606 study systems with low recombination rate and/or small N e and thus strong LD 607 extending over larger chromosome segments (Figures 3 and 4) .
608
A notable result of the simulation-based power analyses is that the power to effect QTLs in many other study systems where LD decays rapidly.
640
A notable result from our simulations is the dramatically higher power of
641
GWA analyses based on relatively few loci (e.g., 50K-100K SNPs) in populations 642 with small N e (Figure 3d and 4b 
